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The left branch of the Paschen curve for helium gas is studied both experimentally and by means
of particle-in-cell/Monte Carlo collision (PIC/MCC) simulations. The physical model incorporates
electron, ion, and fast atom species whose energy-dependent anisotropic scattering on background
neutrals, as well as backscattering at the electrodes, is properly accounted for. For the range of
breakdown voltage 15kV < Vi, < 130kV, a good agreement is observed between simulations and
available experimental results for the discharge gap d=1.4cm. The PIC/MCC model is used to
predict the Paschen curve at higher voltages up to 1 MV, based on the availability of input atomic
data. We find that the pd similarity scaling does hold and that above 300kV, the value of pd at
breakdown begins to increase with increasing voltage. To achieve good agreement between PIC/
MCC predictions and experimental data for the Paschen curve, it is essential to account for impact
ionization by fast atoms (produced in charge exchange) and ions and for anisotropic scattering of
all species on background atoms. With the increase of the applied voltage, energetic fast atoms pro-
gressively dominate in the overall ionization rate. The model makes this clear by predicting that
breakdown would occur even without electron- and ion-induced ionization of the background gas,
due to ionization by fast atoms backscattered at the cathode, and their high production rate in
charge exchange collisions. Multiple fast neutrals per ion are produced when the free path is small
compared to the electrode gap. Published by AIP Publishing.
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Investigation of the Paschen curve for helium in the 100-1000 kV range
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I. INTRODUCTION

High voltage holding by gas-filled gaps at low pres-
sure, that is, avoiding ionization breakdown, is of interest
in important applications, such as high-power switches for
electrical power transmission and particle accelerators.
Therefore, there is a need to map the Paschen curve, which
gives the breakdown voltage Vi, as a function of the
reduced gas pressure pd, where p is the gas pressure and d
is the separation between parallel-plate electrodes. The
Paschen curve V = Vi (pd) reaches a minimum at some
value of pd, which separates the left (low pressure) and the
right (high pressure) branches. It is the left branch of the
curve that is of interest here.

The breakdown properties of gases, especially noble
gases, had been studied by various methods since the early
years of research into gas discharge physics.'™'! For helium
gas, the subject of this work, accurate and consistent results
exist for applied voltage up to about 1kV on the low-
pressure branch of the Paschen curve. For the range of
10* — 10* V, the Paschen curves obtained both by analyti-
cal calculation'? and through particle simulations'® are not
in good agreement with experimental results, for reasons
not yet fully understood. There is not a large body of work
for higher applied voltage in the range of 100kV and
above, for helium or other gases, but the fundamental
approach to the theory and simulations has been devel-
oped."*'7 Specific references to the previous work will be
made in what follows.
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For parallel-plate DC discharge, the Townsend equa-
tion' is known to define the breakdown condition near the
Paschen minimum and on the high-pressure branch

(D

where o and 7y are known as the first and second Townsend
coefficients.'® The underlying assumption of the Townsend
theory is that electrons attain a local equilibrium, that is, the
electron velocity distribution function (EVDF) is controlled
by the local value of the electric field. At the same time,
it has been known™'®! that non-equilibrium phenomena
resulting in dependence of the EVDF upon the spatial profile
of the applied potential take place under conditions corre-
sponding to the left branch of the Paschen curve. Another
non-local process involving electrons is ionization by the
trapped population backscattered at the anode (the J-process).
Experimental evidence of it was seen in the observed depen-
dence of the breakdown point on the anode material.* Other
authors'>'417232% have established an additional important
role of heavy species, namely, ion-impact ionization and fast-
atom induced secondary electron emission (as well as the role
of non-local ionization by electrons backscattered at the
anode, although these early works did not account for back-
scattering of ions and fast neutrals at the cathode). For
helium, in particular, these processes were found to take
effect at pd ~ 1.5 Torrcm and Vi, ~ 1kV."3 Gas ionization
by impact of fast neutral atoms produced in charge exchange
was also considered in Refs. 14, 15, and 17, in application to

Published by AIP Publishing.
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high-voltage discharge in D,. The work® demonstrated
the role of gas ionization by fast atoms at E/n > 15kTd
(1kTd = 107" Vm?) in the case of argon. Thus, at suffi-
ciently high values of the reduced electric field E/n, Eq. (1) is
no longer adequate to define the breakdown condition, due to
both the non-equilibrium behavior of electrons and to the
importance of impact ionization by ions and fast atoms.

Furthermore, the heavy species themselves also exhibit
non-equilibrium behavior. For example, measurements of
ion energy distributions at the cathode of low-current, uni-
form-field discharges by Rao er al.° indicate that local-field
equilibrium fails to predict the flux-energy distribution for
Ar" and Ne™ ions when E/n > 20kTd, and for He* when
E/n > 10kTd. Lawler’” has shown that in the cathode fall of
a glow discharge in helium, the length required for He™
velocity distribution to attain its local-equilibrium form is
several times the mean free path (when this length is small
compared to that of the cathode fall). Then, it follows that
one also needs to account for non-equilibrium behavior of
fast atoms produced in charge-transfer collisions, as their
velocity distribution is governed by that of the ions. Direct
kinetic simulation, therefore, is of interest as a modeling tool
that can reproduce the non-equilibrium behavior of energetic
electrons, ions, and fast atoms and examine the breakdown
process under very high voltage and low pressure. This effort
was also started in the works'*™'” cited above.

At present, we investigate the direct-current ionization
breakdown in helium gas at applied voltage in the range of
several hundred kV (below 1MYV) and reduced pressures
pd < 1Torrcm (corresponding to the low-pressure branch of
the Paschen curve), and offer additional insight into the phys-
ics of the breakdown process in this regime. A particle-in-
cell/Monte Carlo collision (PIC/MCC) model incorporating
electrons, ions, and fast neutral atoms has been formulated to
properly describe their interactions with the background gas
and with the electrode surfaces. Energy-dependent anisotropic
scattering of each species on neutral atoms is considered in
detail. In addition, the model accounts for backscattering of
heavy particles: ions (with neutralization) at the cathode and
fast neutrals at both the cathode and the anode. We compare
the simulation results with an existing set of experimental
data. The specific details of the simulation model are given in
Sec. IT and the experiment is described in Sec. III. In Sec. IV,
we present and discuss the results. The work is summarized in
Sec. V.

Il. SIMULATION MODEL

In order to simulate the motion of electrons, He™ ions,
and fast He” atoms in a parallel-plate device, we employ the
well validated 1D3V code EDIPIC (Electrostatic Direct
Implicit Particle-in-Cell).”® This code has been applied to a
number of problems in non-local kinetics and gas discharges,
e.g., Refs. 29 and 30. A fast-neutral-atom species that can
undergo elastic, excitation, and ionization collisions with the
background gas has been added to the numerical scheme.
The fast atoms originate primarily in charge-exchange colli-
sions between ions and ambient gas atoms at energies above
~100eV. In the code, fast atoms are tracked until their
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kinetic energy falls below twice the ionization potential, to
exclude atoms that are not capable of inducing ionization. A
fast atom or ion reaching the cathode surface can be back-
scattered (always as a neutral atom) with an energy-
dependent probability. Likewise, additional backscattering
can take place at the anode. We note, before referring to the
specific details, that the model captures an important self-
organization mechanism of sustaining a discharge current in
a very high electric field where a beam of backscattered fast
atoms ionizes gas atoms in the gap, and the resulting ions
undergo multiple cycles of acceleration and charge-
exchange collisions to regenerate the primary fast atoms
beam that impinges upon the cathode.

The main input parameters to the model are the applied
anode voltage, V (the cathode is grounded), the gap width, d,
the neutral gas density, 7, and the initial plasma density, n.
In our simulations 79 = 1.0 x 10'' m~3, a somewhat arbi-
trary low value corresponding to the creation of electron-ion
pairs by background cosmic radiation. The Poisson solver
remains active in the simulation code, but the plasma density
is always small enough to avoid nonlinearity in the eventual
steady state due to space charge formation. As long as such
is the case, the breakdown condition is not sensitive to the
value of ng. The electrode spacing d = 1.4 cm is that of the
experimental device described in Sec. III (with a note that
the Paschen scaling law still applies, as stated in Sec. IV).
The cell size Ax =20 um (700 cells within the electrode
gap) is sufficient to resolve the smallest scale, defined in the
present case by the charge-exchange free path. The most
restrictive time-resolution requirement for the problem at
hand is that the collision probability for rapidly accelerating
electrons in a high electric field undergoes a small relative
change over a single simulation step. The value Az = 0.1 ps
proves sufficient for this purpose. Electrons are at present
treated as non-relativistic. Although this is incorrect for ener-
gies in the range of several hundred keV, the high-energy
electrons are in the runaway regime and their contribution to
the ionization rate is small.”'" The initial charged-particle
population is represented by 500 macro-particles per cell per
species, to keep the noise level low. The large number of
particles assures reproducibility in numerical breakdown
experiments. The material properties of the electrodes corre-
spond to molybdenum at the cathode and to stainless steel
(approximated by iron) at the anode, in accordance with the
conditions of the experiment. The anode surface is the plane
x = 0, with spatial uniformity assumed in the y — z plane.
The particle dynamics is governed by acceleration in the
electric field and by collisions with the background gas,
tracked with the Monte Carlo technique. The elementary
gas-phase collision processes considered in the model are
listed in Table I and their cross-sections are plotted in Fig. 1.

A. Note on input data for neutral-neutral ionization and
the role of metastable atoms

An essential ingredient of the breakdown model is a
data set of cross-sections ¢(¢) for producing an ion-electron
pair in neutral-neutral collisions, in this case including both
stripping of the fast projectile and ionization of the thermal



093511-3 Xu et al.

TABLE 1. Gas-phase elementary physical processes implemented in the
model. The corresponding cross-sections are plotted in Fig. 1.

Cross-section

No. Reaction Reaction type source
1 e+ He — ¢+ He Elastic collision 32
2 e + He — e + He* Excitation collision 33
3 e+ He — 2¢ +He™ Tonization collision 33
4 He' 4 He — He" + He Elastic collision 34
5 He" + He — Her + He™  Charge exchange collision 35
6 He' + He — Het+He* Excitation collision 36
7 He' +He — 2He" +e Tonization collision 37
8 He; + He — He; + He(f) Elastic collision 38
9 He; + He — He; + He* Excitation collision 39
He; + He — He{"
10 +He™ +e Tonization collision 40, 41

The subscript “(f)” indicates a possibility for an atom to be produced as a
fast neutral in the respective collision.
He; denotes fast He atoms capable of impact ionization.

target. The collision energy of interest for breakdown calcu-
lations is ¢ ~ 0.1 Vi, because the electrode separation dis-
tance is about 10 times the mean-free path for charge
exchange /¢ at conditions corresponding to the left branch
of the Paschen curve. Data from various experimental*****°
and theoretical*®*” estimates of cross-sections for helium are
in reasonable agreement near their maximum value, around
150keV, where the impact velocity is comparable to that of
the upper-shell electron in an atom, but increasing discrepan-
cies occur at low projectile energies (below 20keV, corre-
sponding to 10keV in the center-of-mass frame), where the
cross-sections are relatively small. Some of the available
experimental data for helium neutral/neutral ionization
cross-sections are plotted in Fig. 2, where the discrepancies
in the low-energy range are clearly seen. In the low-energy
range, we choose the data of Hayden and Utterback,*
because it is the one most commonly used in numerical

m

-20 2

cross section, 10
o

0.01

0.001 - - =
10 100 1000 10000 100000

projectile energy,eV

FIG. 1. Cross-sections for (1) elastic scattering of electrons, (2) electron-
impact excitation, (3) electron-impact ionization, (5) ion-atom symmetric
charge exchange, (6) ion-impact excitation, (7) ion-impact ionization, (8)
elastic scattering of atoms, (9) atom-impact excitation, and (10) atom-
impact ionization. The cross-section for ion-atom elastic collision, process
(4), can be neglected for the purpose of this study in comparison to the
cross-section of ion-atom charge exchange. Cross-section of the process (6)
in the range between 20 keV and 200keV is extrapolated from the data
below 20keV in Ref. 36.
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FIG. 2. Cross-sections for neutral-neutral impact ionization in helium gas.
The discrepancies between data from available sources prevail at lower ener-
gies. Cross-sections for electron loss by metastable atoms (beam of mostly
triplets) are also shown. The cited sources are as follows: Hay64,* Bar90,*'
Nod76,* Rud31,** Taw71,%" Sol64,%® Fog60,”° Bar58,%° Ros34,** Prag7,%!
Kud91,%% Hor80.>® The data in Bar90 are a fit to several combined experi-
mental data sets above 4keV, and to Ref. 45 below 4keV. Cross-sections
obtained for the stripping process only (electron loss by fast atoms) in sym-
metric collisions were multiplied by 2. Much of the above data are tabulated
in the review®® and atomic collision database.**

simulations of discharges in helium, and as will be shown in
Sec. IV A, because satisfactory agreement is obtained
between the theoretical and experimental Paschen curves.

The measurements of Hayden and Utterback®® are avail-
able for ¢ < 1keV. Smooth interpolation was adopted for
higher energies as shown in Fig. 2. We note that in the range
of 100eV < &< 600eV, the cross-sections reported in Ref.
40 agree with those of Hammond et al* (not shown),
although the latter authors relied on the former for absolute
calibration of the results. At the same time, the plots in Fig.
2 indicate that the measurements of Noda,45 available for ¢
up to SkeV, smoothly join to the values obtained by others
at higher energies.

One may attempt to resolve the discrepancies at low
energy by accounting for the presence of a fraction of meta-
stable atoms in the neutral helium beams that are formed in
experimental work. Metastable He atoms, with ionization
energy under 5eV, have much higher electron-loss cross-
sections than ground-sate atoms. The respective experimen-
tal cross-sections are also presented in Fig. 2. However, this
explanation does not apply at low energies, where the
cross-sections for production of metastable atoms during
charge exchange collisions are quite small,**~° about 1%
of the full cross-section of charge exchange. On the other
hand, the cross-section of the resonant de-excitation pro-
cess scales similarly to charge exchange.’'™>® At energies
below 10keV, it is on the order of 10~ cm?. Lastly, the
metastable fraction in the neutral beam may vary between
different experiments (depending, e.g., on the length of the
neutralizer cell) and the only way to properly account for
the effect of metastable atoms is to include their kinetics
(including surface interactions) in the physical model. This
improvement should be one of the directions for future
work on the subject.
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For helium, similar uncertainty exists with respect to
cross-section data for atom ionization by energetic ion
impact. For example, two sets of data on free-electron-pro-
duction cross-section,‘s‘t’55 which were obtained by the same
group, strongly diverge for energies below 100keV.
Theoretically derived values® agree with the smaller ones of
Ref. 55 within the experimental range, and fall off sharply to
below 107'® ¢cm? at ¢ = 10keV. These cross-sections, how-
ever, are not as critical for modeling high-voltage breakdown
as those of neutral-impact ionization, because ions are re-
accelerated after each collision and produce multiple fast
neutral atoms via charge exchange.

B. Time-advance and the breakdown criterion

In the Monte Carlo collision model, a particle with
energy ¢ moving through a set of scatterers with density n
can undergo a collision (of any type among those allowed)
over a simulation time step A with a probability

P =1—exp[-Atv(e)] = Atv(e), 2)
where v(e) = vag(e)n is the collision frequency, oy (¢) is
the energy-dependent total cross-section for the respective
species, v = (28/1’}1)1/ % is the particle velocity, and m is the
particle mass. The type of elementary collision to occur
within the time step is selected, as usual, by the rejection
method based on cumulative probability values.”® For fast
atoms, the energy remains constant during the free flight.
Recently, the simulation code has been comprehensively val-
idated by reproducing experimental measurements in a glow
discharge.™

The DC breakdown, of interest in this work, occurs
when the gas ionization rate due to the applied electric field
is sufficient to create a self-sustained electric current. The
breakdown threshold is defined as the condition where a
steady state is attained, with a local balance between ioniza-
tion and fluxes of ions and electrons. The production rate of
ion-electron pairs due to impact ionization in the volume
should equal the net ion flux I'; ¢ (or net electron flux I'e ,er)
calculated at the boundaries

14 T T T T T r
(a) total ionization rate integral

ion flux

12

—_
o
T

8r V=100kV, n=1 .018e22m'3, 1=380ns

Ton flux,1 0'%m 257!

4 + anode cathode

0 1
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
distance from anode x, m

lons density,m'3
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X

Fe,net(x) - ri,net(x) - J() [Zei(x/) +Zii(xl) + Zai(x’)]dxla (3)

where Zg(x), Zi(x), and Z,;(x) are the local ionization rates
(production of ion-electron pairs per unit volume per unit
time) due to electrons, ions, and fast atoms, and the net flux
for both electrons and ions is I'ne (x) = I'(x) — I'(0). Figure
3(a) shows an example of a simulation run in which Eq. (3)
is satisfied for ions and hence for electrons (the anode flux
I'(0) is neglected for the ions). In the model, the anode is set
at x = 0. In this case, the applied voltage is 100kV and
n=1018 x 10m~3. The elapsed simulation time is
380 ns. Figure 3(b) illustrates the temporal evolution prior to
achieving the steady state: the ion densities at the center of
the gap, x = 0.7cm and near the cathode, at x = 1.2cm,
remain unchanged after an initial transient spike. In what fol-
lows, we address the detailed treatment of particle collisions
and surface interactions (boundary conditions for particles)
in our model.

C. Anisotropic electron scattering on helium atoms

The model for elastic scattering of electrons is designed
to reproduce the correct values of both the total, oy, and the
momentum-transfer, o, cross-sections. It utilizes an approxi-
mation of energy-dependent screened-Coulomb scatter-

S . . . . .
ing.>%° The normalized differential cross-section writes as

Ldo 1 1-E() A
0 dQ 4m [1— &(e) cos?0] “®
where oy is the total cross-section and 0 is the scattering
angle. The dimensionless screening function &(¢) is approxi-
mated by fitting the value of gy, (¢)/01o (&) resulting from
Eq. (4) with the one based on experimental and/or theoretical
cross-section data. For helium, the following approximation
was given in®’

2
“e) = 1 o PIVE— Py =3 pive 5
() =1+ 2 - 2 C)
(\/E—Pz) +p3 (\/5—P4) +ps
3.5e+11 — —r T
ion density at x=1.2cm
(b) ion density at x=0.7cm ———
3e+11 | 1
-3
550411 F U=100kV, ng=1.018e22m |
2e+11
1.5e+11 H
‘A
1e+11 ||, i 1
YAA -\ / \/M A VA / , ‘ah /\./r\/ A%
5e+10 | 1
(0] 100 200 300 400 500 600 700 800
t.ns

FIG. 3. The criterion for breakdown is that the production of electron-ion pairs by ionization in the gas is equal to the net flux of ions and electrons counted at
the electrodes: (a) Running integral of total ionization rate equals the local ion net flux in the gap; the applied voltage is V = 100kV, the gas density is
n=1.018 x 10*m 3, and the elapsed time # = 380 ns. (b) Steady state of ion density profile is achieved.
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where p; =2.45,p, =2.82,p3 =11.98,ps =5.11,p5s = 64.01.
The scattering angle 0 is sampled by inverting the corre-
sponding cumulative probability as

2R[1 = (o)

cosO =1 —ma

(6)

with the random number R sampled from a uniform distribu-
tion on [0,1].

In a standard fashion, the post-collision velocity vector
of an electron scattered through a polar angle 6 and an azi-
muthal angle ¢ can be expressed as follows:

UjpeyU . .
Usex = Ujpex COS 0 + 27y2 sin 0 sin @
\/ uinc,x + uinc,y
Uine xUinc,z .
+ sin 0 cos ¢, @)
2 2
uim,',x + uinc.y
_ 0 Uipe xU inOsi
Usey = Uincy COSU — ; ; sin 0 sin ¢
Minc#x + uinc.y
Uine,yUine,z .
+ ——2 T gin 0 cos ¢, 8)

_ /2 2
Use; = Uipe,z €OS 0 — Ui T+ Uiye , SIN 0 cos ¢, )

where g y, Uy, and u,.. are the components of the electron
velocity vector after scattering; ;ue x, Uine,y» and i, . are com-
ponents before scattering, and u* = uj,. .+ u,.  + ug,. .. The
code accounts for the small energy loss due to recoil, although
this is not essential for the problem at hand.

The scattering procedure defined by Egs. (4) and (6) is
also applied to inelastic collisions, with account for the
energy loss. This is done for numerical simplicity and has
been known to work well in our verification studies.*®

The electron-impact excitation of helium atoms is treated
as a single-channel process, with the cross-section being a
weighted sum over seven closely located levels to yield a cor-
rect mean energy loss. When a background atom is excited,
the electron energy change is set to be Ag = —égqy, Where ey
is the energy of the lowest excited level. To account for this
energy loss, the post-collision velocity components in Egs.
(7)~(9) are multiplied by the factor k = /(¢ + A¢)/e. The
scattering angle is again sampled by means of Eq. (6) in which
the incoming energy ¢ is replaced with ¢ + Ae.

For the electron-impact ionization process, according to
Refs. 68 and 69, the energy partition between the ejected (¢;)
and the scattered (¢;) electrons is approximated as

¢ = wtan {Rarctan (8 _ 8')] , (10)
2w

& =&—¢&—¢&p, (11)

where ¢; = 24.6¢V is the ionization potential of helium and
w = 15.8¢eV is also a parameter specific to the gas.®® The
velocity directions of both scattered and ejected electrons are
again obtained according to Eq. (6), with the argument ¢ tak-
ing the values ¢ and &, respectively. Then, the velocity
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components of both electrons are calculated by applying
Eqgs. (7)—(9) and multiplying their magnitude with the factors

K1 = /&1 /eand ko = /& /.

D. Anisotropic scattering of helium ions on helium
atoms

For the combined process of charge exchange and elas-
tic ion/atom scattering in helium, Wang et al.”® proposed the
following numerically treatable approximation for the differ-
ential cross-section:

E(e? 0) = A + A
aQ™” [1—cosO+a(e)]"”  [1+cosb+be)]>
(12)

where A, a, and b are fitting parameters chosen to reproduce
the correct values of both the momentum transfer cross-
section and the viscosity (energy transfer) cross-section of
the process. Refer to Ref. 70 for how these values are
obtained. Note that the energy in Eq. (12) is the total energy
of two colliding particles, the ion and the atom, in their cen-
ter-of-mass frame of reference. The differential cross-
sections for the charge-exchange and for the elastic collision
in this case are identified as

doey A
g, 0) = , 13
dQ (&,0) [1+ cos 0+ b(s)]l'25 (13)
dGelast A
dOclast (o ) — : 14
dQ (&) [1 —cos 0+ a(e)]"? (1

In the Monte-Carlo procedure, we then formally treat
the two processes as independent, i.e., only one kind can
occur over a given time step. Based on the differential cross-
sections, the scattering angle 6 can be calculated from the
cumulative probability distribution, just like for the electron-
atom collisions. For the elastic collision

—4
cosO=1+a— {a—o.zs B R[a*O-ZS 2+ a)—o.zs}} 7

15)
and for the charge exchange collision
cos0=—-1-b
_ {(2 + )0 +R[}fo.zs — 0+ b)fo,zs} }_47
(16)

where R is a number sampled from a uniform distribution on
[0,1]. To calculate the post-collision velocity of the ion, we
apply Egs. (7)—(9) in the center-of-mass frame, before trans-
forming to the laboratory frame.

For the ion-impact excitation process, only a single
energy level is considered, as the available data do not allow
to fully distinguish between possible channels. The scatter-
ing is performed based on Eq. (15) for ion-atom elastic colli-
sion. The energy loss Ae = —&ex/2 is taken into account to
calculate the scattered velocity in the center-of-mass frame.
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Equations (7)—(9) are applied and the rotated velocity vector
is rescaled by the factor of k = /(¢ + Ae) /e.

For the ion-impact ionization process, we assume simply
that the ejected electron has zero energy in the laboratory frame,
which is appropriate for high electric fields of interest in the pre-
sent work. The post-collision velocity components of a scattered
ion in the center-of-mass frame are calculated through Egs.
(7)~(9), with multiplying by the factor k= /(¢ —¢;/2)/e,
where ¢; is the ionization potential. Finally, the velocity vectors
of the scattered and ejected ions are transformed to the labora-
tory frame. In the center-of-mass frame, we apply the same
angular distribution as for the ion-atom elastic collision,
substituting a(e — &;/2) for a(e) in Eq. (15).

E. Anisotropic scattering of fast helium atoms

For the elastic scattering of fast atoms on background
thermal neutrals, we can still apply the normalized differen-
tial cross-section of the type defined by Eq. (4), but this time,
for identical species, aiming to approximate the known ratio
of the viscosity cross-section ayisc to the total cross-section
0. From Eq. (4), it follows that

Ovisc —1_ [1 - XZ('S)] X(E) [2 - XZ(F)]
=20

- X(S)}
Otot 273(e) 7

L+ x(e)
o))

where the screening function y(&) is determined by making
the above ratio match the one based on the cross-section data
(in this case sourced from Ref. 38). A similar approach was
employed by Wang er al.,”° cited above, for ion-atom colli-
sions. We obtained the following rational-function approxi-
mation for y(&)

1+ qqe
1) =1———— (18)
q1 + g2 + g3
where ¢ is in eV and ¢; =23.022, g, =2.4786, g3 =0.00474,
q4=0.00013. The scattering angle is sampled according to

Eq. (6)

2R[1 — x()]

COS@ZI—W.

(19)

The post-collision velocities of the two neutral atoms
are calculated by applying Eqgs. (7)—(9) in the center-of-mass
frame.

For the fast-atom-impact excitation, only a single energy
level 2'P is assigned to the available cross-section data, sim-
ilarly to the treatment of ions. The energy loss Ae = —gexc/2
is applied to adjust the post-collision velocity components of
both scattered atoms in the center-of-mass frame. After using
Egs. (7)-(9), these vector components are multiplied with a
factor x = /(¢ + Ae¢)/e. The scattering angle is chosen
using (& 4+ Ae) as an argument of y in Eq. (19).

For the fast-atom-impact ionization, we impose a sym-
metry condition for the collision in the center-of-mass frame,
since one cannot distinguish which of the atoms is ionized.
Thus, the ejected ion originates with equal probability of 1/2
from the projectile (as identified in the lab frame) or from
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the target. For the ejected electron, the energy is again
assumed to be zero in the laboratory frame. The post-
collision velocity of the scattered atom and ion is calculated
by applying the factor k = /(e — &;/2) /e, where &; is the
ionization potential, after using Eqgs. (7)—(9). The velocity
vectors of the ejected ion and of the scattered atom are oppo-
site in the center-of-mass frame. These velocities are then
transformed to the laboratory frame. We apply the same
angular distribution as for the elastic collision, now replacing
the initial energy ¢ in Eq. (19) with (¢ — &;/2).

F. Surface interactions

Next, we consider the physical model of energetic parti-
cle interactions with electrode surfaces. The interactions to
be accounted for are secondary electron emission induced by
incident ions and by fast neutral atoms at the cathode, elec-
tron backscattering at the anode, backscattering of both ions
and fast neutrals at the cathode, and fast neutral backscatter-
ing at the anode. For ions and fast neutrals, the typical
energy is estimated as El.x = VA /d and can be on the
order of several tens keV. Electron energies in this regime
reach values up to the applied potential.

1. Secondary electron emission

Secondary electrons are emitted from the cathode sur-
face due to impact by ions and by fast atoms, as well as by
photons emitted due to excitation of the background gas by
electrons, ions, and fast atoms. Each act of excitation is
assumed to ultimately yield a photo-emitted electron at the
cathode surface, with a probability of 0.15 for a parallel-
plate device.”" Secondary electron yield is one of the crucial
inputs of the discharge model and its accuracy greatly influ-
ences the outcome. At the same time, there is lack of unam-
biguous information regarding the properties of the cathode
surface exposed to a discharge environment. Previous
work”** has shown that the secondary yields measured under
ultra-high vacuum conditions, for so-called clean cathode or
flashed cathode, are not directly applicable to gas discharge.
This is due to the gas layers adsorbed on the surface, other
possible contaminants, and sputtering, all of which combine
to make what is known as the “dirty” cathode. In our model,
the secondary electron yields 7;(¢) (on a “dirty” molybdenum
surface) for ion energies between 1 keV and 20keV were
adopted from Szapiro et al.’”* These data were extrapolated
to lower and higher energies so that the extrapolated values
are in good agreement with the data in the respective ranges
as reported in Refs. 40 and 73. Due to the lack of available
data for the fast-atom emission yield y,(g) on the molybde-
num surface, we assumed the ratio y,(¢)/y;(¢) to be the same
as the ratio of secondary yields for a “clean” cathode, for
which experimental data’* are available. The secondary elec-
tron yields are plotted in Fig. 4.

2. Particle reflection at the electrodes

a. Electrons. The model accounts for backscattering of
fast electrons at the anode. As noted in the Introduction, the
importance of this process in the ionization balance was
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FIG. 4. Adopted secondary electron yields due to ions, 9; and to fast atoms,
7f» vs. projectile energy for “dirty” molybdenum surface.

recognized in the early work on models of breakdown at
high voltage. More recently, this process was found'? to be
responsible for the multi-valued behavior of the simulated
Paschen curve for helium at lower voltage. The probability
of backscattering is approximated as a function of the inci-
dence angle only. For a stainless-steel anode, the data avail-
able for iron were used to approximate the reflection yield
according to Darlington’ as follows:

n(0) = noexp [B(1 — cos 0)], (20)

where the values of empirical constants are 7, = 0.28 and
B = 1.154. The angular distribution of the backscattered flux
at the surface obeys the cosine law (yielding a half-isotropic
distribution in the volume): cos 0 = v/R. The energy was
sampled according to the approximation g, =& x R*3,
based on experimental distributions reported in Ref. 75. As
shown above, ¢, is the electron energy after backscattering
and R is a random number sampled from a uniform distribu-
tion on [0, 1].

b. Atoms and ions. Besides the electron backscattering at
the anode, we take into account ion backscattering at the cath-
ode and fast atom backscattering at both electrodes. Note that
ions are neutralized when backscattered at the cathode.”

The numerical model for backscattering of ions and fast
neutrals is based on the work of Eckstein.”” This comprehen-
sive report provides data on reflection yield as predicted by
molecular dynamics for numerous target/projectile combina-
tions. Experimental data are combined with calculations
when available. Theoretical particle-flux and energy-flux
reflection yield values for normal incidence are represented
by analytical fits as functions of the projectile energy.
Angular dependencies are also fitted for a tabulated set of
energy values. For example, for the molybdenum cathode
used in the experimental device, the following fits provide
the angular dependence of the flux reflection yield of atoms
and ions at ¢ = 8keV, and the energy dependence of the
yield at normal incidence:

ncathode (8 keV, 0) = 3.347 4 3.132 tanh
x [1.0937(0/180) — 2.757], (21)
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yn,cathode(svo) = 0'3173(8/80)_0-]266/[1 + 0.2517<8/80)1'817]a
(22)

where gy = 9943.65 eV and the incidence angle is in degrees.
The subscript “n” designates the particle, or “number” flux.
However, the report’’ also indicates that in the case of
molybdenum (as well as zirconium and niobium), experi-
mental values for particle-flux and energy-flux reflection
yields can be up to a factor of 3 lower than the theoretically
computed predictions in the 10-100keV projectile energy
range of interest to us. Thus, in the PIC/MCC model, we
adopted the available experimental data as the input. An ana-
lytical fit of the same form as given by Eq. (22) is used to
extrapolate the yields to lower and higher projectile energies.
The fitted 7, (&, 0) can be expressed as follows:

Vn,cathode, exp (87 O) = 0'09073(8/80)70-4212/
[1+0.0394(g/e0)%]. (23)

The molecular-dynamics prediction (22) of Ref. 77 and
our adopted fit (23) to the experimental data cited there are
plotted in Fig. 5.

For simplicity, we implemented the particle reflection
probability as a function of both energy ¢ and incident angle,
0 (in radians) in the numerical model as follows:

ncalhode('ga 0) = yn,cathode,expt('g’ 0)

+ [1 - yn,cathode,expl(‘qa 0)] (20/7‘5)3 (24)

This form is designed to adequately reproduce numeri-
cally predicted angular dependencies which in Ref. 77 were
tabulated for a discrete set of incident energies.

The calculated particle-flux reflection coefficient inte-
grated over the energy spectrum and ejection angles of the
backscattered atoms must give the energy-flux reflection
coefficient, also reported in Ref. 77. The calculated energy-
flux reflection yield at normal incidence is approximated by
the following fitting function:

helium particles on molybdenum cathode

/.

calculated y,, - - - --
fitted v,
experimental data  +

0.01

particle reflection coefficient 7,

0.001
100 1000 10000

projectile energy, eV

100000

FIG. 5. Fast heavy particle reflection coefficients given by theoretical calcu-
lation and by experiment. The green fitted curve is used in our simulations.
It is of the same functional form as the red curve from Ref. 77, but the
numerical constants have been modified so as to fit the experimental data,
also from that work.
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helium particles on stainless steel anode
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FIG. 6. Fast heavy particle number-flux and energy-flux reflection coefficients and their ratio, which represents the energy change after backscattering (a) for

Mo cathode, and (b) for stainless steel anode.

Vs,calhode(87 0) = 0'1607(8/80)70'1616/[1 + 0.5242(8/80)1'659}
(25)

In principle, this fit also needs to be replaced with a fit
to the experimental data. However, only the ratio y, /7, needs
to be known in our model as shown below, and evaluating it
from the calculated values of Ref. 77 is accurate enough for
our purpose.

Next, for the anode made of stainless steel, the material
properties are approximated by those of iron. We assumed
the same functional dependence of the particle reflection
coefficient on both the incident angle and projectile energy
as we did for molybdenum

nanode<87 0) = yn,anode(gv 0) + [1 - Vn,anode (87 0)] (20/77:)37
(26)

where 7, 4,000 18 the calculated particle reflection yield for
helium atoms (or ions) on iron, at normal incidence’’

Tnanode (6 0) = 0.2179(e/e0) "7 /[1 4 0.148(e/e0) ')
27

The corresponding energy-flux reflection yield is

ys,anode(& 0) = 0.09012(8/80)70'2536/[1 4 0-2304(8/80)1'589]_
(28)

In the case of iron, the molecular-dynamics calculations
of Ref. 77 are in much better agreement with experimental
data than they are for molybdenum.

Due to the lack of data on the energy spectrum of back-
scattered fast atoms, we adopted the mean energy as the
energy of backscattered fast atoms at both electrodes

7.(¢,0)
7a(2,0)’

where ¢ is the energy of the incident ion or atom. To sum-
marize, the particle backscattering of an ion or fast neutral
occurs with a probability given by Eq. (24), the energy of
the resulting backscattered fast neutral is given by Eq. (29),
and the backscattering angle is sampled from a cosine
distribution.

¢ = (ep(e,0)) = ¢

(29)

Figure 6 presents the numerically predicted particle-flux
and energy-flux reflection yields from Ref. 77, along with
their ratio, shown for both electrodes.

Self-sputtering is not taken into account because it has
little effect near the breakdown point as the current density
is very small.

lll. EXPERIMENT

Prior to the present work, an experimental study of DC
breakdown in helium was conducted with a laboratory
device intended to aid in the design of a high-voltage switch.
The work will be described in a separate publication, and
only a synopsis is given here. The switch is shown in Fig. 7.
A similar device (with concentric cylindrical electrodes) was
described in Ref. 78, along with its operation as a pulsed-
power switch. Here, the discharge gap is between planar
electrodes with a separation of 1.4 cm. The anode is made of
stainless steel. It is 15 cm in diameter, with edges rounded to
1.5 cm radius to reduce non-uniformity of the electric field.
Electrostatic simulations indicate that the field near the elec-
trode surfaces at the intersection between the planar and
rounded regions is 14% higher than the field in the planar
gap. The anode fits tightly into an alumina insulator, with
only 0.5 mm radial separation between the inner surface of
the insulator and the anode, so as to prevent long-path gas
breakdown in the annulus. The negative electrode for the

anode (positive electrode)

:,, ceramic insulator (15 cm-diameter)
HIGH VOLTAGE GAP

control grid

keep-alive grid

cathode surface

cathode (negative electrode) with
magnets & cooling

<— demountable cathode flange

electrical and cooling feedthroughs

FIG. 7. Experimental setup for studying high-voltage breakdown in helium.
The experiments were conducted in a technical device used for high-voltage
switching. The high-voltage gap is between the control grid and the anode,
as indicated by white arrows.
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breakdown measurements is the so-called control grid (CG)
of the switch. The control grid is a shell of arc-cast molybde-
num, machined from solid stock to a thickness of 0.5 mm.
The planar region of the CG is patterned with an array of
1 mm-diameter laser-drilled holes, with center-to-center
spacing 1.115 mm, that are necessary to conduct the plasma
current when the switch is closed. Like the anode, the cath-
ode edges are rounded to a 1.5 cm radius, and it fits tightly
within the alumina insulator (1 mm gap), to avoid long-path
breakdown in the annulus. The remaining structures in the
switch—the keep-alive grid (KAG) and the actual switch
cathode — are electrically connected to the CG for break-
down measurements, and the CG, KAG, and switch cathode
are all tied to ground. The cathode contains magnets that are
important when the switch is conducting current, but the
field strength falls rapidly with distance from the cathode
surface, and they do not affect the gas breakdown properties
of the high-voltage gap.

The molybdenum CG and the anode were chemically
etched to remove asperities. After assembly and vacuum-
welding the device was baked at 250 °C under vacuum for
24h. Vacuum is provided by a turbopump backed with a
roughing pump in the form of an integrated pumping station
[Pfeiffer Vacuum HiCube Classic Pumping Station], and the
pressure is limited during the bake to few mTorr. Hydrogen
is the main contaminant seen in the residual gas analyzer.
Higher baking temperature was not possible because of braze
alloys in the device. A similar vacuum system is used during
high-voltage testing, and the base pressure is 10~ Torr.

High-voltage measurements are performed with the
anode connected to a high-voltage supply [Spellman Model
ST150%10] through a 5MQ series resistor. High purity
helium gas is admitted to the device through a leak valve to
the desired pressure. A single set of data was obtained as fol-
lows: at a given pressure p, the anode voltage is raised until
a flash of current is observed through a current probe that is
connected between the CG and ground and then held con-
stant for 20 min. This value was recorded as the breakdown
voltage for given pressure. The results are shown as the data
points in Fig. 8.

10000
1000

experimental data,Vy, (pd)  «

EDIPIC simulation,Vy,(pd) - - - - -

EDIPIC simulation, E/n(pd) —— -
i R 1 1000 v
E o0 =
5 100 £

1 100

0.35 0.4 0.45 0.5 0.55 0.6
pd, Torr cm

FIG. 8. Paschen curves, parametrized by both voltage V. (pd) and by
reduced electric field £ (pd), derived from PIC/MCC simulations and com-
pared to experimental data.
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Initial tests without added gas indicated that the vacuum
breakdown threshold was above 150kV, corresponding to an
electric field of 107 kV/cm in the planar gap and 122 kV/cm
near the electrode surfaces at the aforementioned transition
between the planar and rounded regions. After some experi-
mentation, subsequent tests with gas in the device were con-
ducted with a small gas flow through the leak valve,
balanced by the vacuum pump and a throttling valve. The
final device seal is a conventional copper gasket and bolted
flange, so we expect that impurities accumulate in the gas
over time, and that the small gas flow removes them.

IV. RESULTS AND DISCUSSION

In Sec. IV A, we present the Paschen curve resulting
from our simulations and compare it with experimental data,
and also discuss the breakdown mechanism. The remainder
of the section is aimed at providing insight into the physics
of the process. First, individual roles of principal elementary
interactions are examined: backscattering of fast neutral
atoms in Sec. IV B, and gas ionization by atoms and ions in
Sec. IV C. The effect of anisotropic scattering of fast atoms
is considered in Sec. IV D. Energy-flux distributions of indi-
vidual species arriving at the electrodes are studied in Sec.
IV E. Finally, the pd scaling law is addressed in Sec. IVF.

A. Paschen curve and breakdown mechanisms

In Fig. 8, the Paschen curve obtained with PIC/MCC
simulations is plotted and compared against the experimental
data. Good agreement between these two data sets is
observed in the range of applied voltage between 15 and
130kV. The Paschen curve obtained from our numerical
model is plotted up to 1 MV to show its predicted shape.

As the breakdown voltage increases, the relative roles of
individual elementary physical processes accounted for in
our model change along the curve. The shape of the Paschen
curve can be understood by analyzing specific interactions
responsible for production of ion-electron pairs. In order to
do so, we also map the curve as the reduced electric field
E/n versus reduced pressure pd, as shown in Fig. 8. The
reduced electric field at the breakdown point varies from 75
kTd to 6600 kTd. Note that here the gas density corresponds
to the temperature of 273 K. Figure 9(a) displays relative
contributions by the electron, ion, and fast-atom impact ioni-
zation mechanisms to the net volume ionization rate in the
gap. Figure 9(b) shows relative contributions of the positive
ions, fast neutral atoms, and photons to the emission of sec-
ondary electron flux induced at the cathode. The simulations
show that on the 75-950 kTd portion of the Paschen curve,
with corresponding gap voltages between 15 kV and 130kV,
the contributions of electron-, ion- and fast-atom ionization
are all important for sustaining the discharge. In this range, it
is interesting that the share of ion-impact ionization is
approximately constant at about 20%, and the share of
electron-impact ionization monotonically decreases from
57% to 26%. The share of helium ionization by fast atom
impact correspondingly increases from 23% to 53%. At the
value E/n = 334kTd, the share of fast-atom impact ioniza-
tion begins to exceed that of electron-impact ionization and



093511-10 Xu et al.
2]
2
B 0.6 [
o LT TN -
S ~ -
o e
g 0.5 /,V
= electron
g yal jon --eeeee
‘2 04 N fast-atom ----- ..
S
o g
o LA
o ..
)
B 0.2 peess
E o
=9
2
A 041
100 1000 10000
E/n, kTd

Phys. Plasmas 24, 093511 (2017)

0.7
(b) T 5

0.6 >
2 05
7 /,
Rl /
o 0.4
=
.2
g e photon
& jon -eeeeee
o
= 02 fast-atom -----

0.1

0 R
100 1000 10000

E/n, kTd

FIG. 9. (a) Fractions of ionization rate in the gap due to electron-impact ionization, ion-impact ionization, and fast-atom-impact ionization; (b) Relative contri-
butions to inducing the secondary electron emission (SEE) flux from the cathode surface: photon impact, ion impact, and neutral atom impact.

becomes the primary ionization mechanism. In fact, in the
range of 75-950 kTd, the fast atoms increasingly dominate
in sustaining the discharge as the applied voltage increases,
since they also yield 40%—65% of the secondary electron
flux emitted from the cathode. The proportion of the ion-
induced electron emission flux is about 30%, and that due to
photons decreases quickly to the negligible level below 10%.

With further increase of E/n beyond 950 kTd, which is
the highest value in the experimental data reported here, our
PIC/MCC simulation predicts that fast neutral atoms would
provide the dominant contribution to both the ionization rate
and secondary electron emission. In the range of 1000 to
6600 kTd, fast-atom impact accounts for approximately 60%
of the gas-phase ionization [Fig. 9(a)], and fast-atom-induced
electron emission accounts for over 50% of the secondary
flux. It is observed that in the vicinity of the breakdown point
at 300kV, with a corresponding reduced electric field of
2200 kTd, the Paschen curve has a turning point as seen in
Fig. 8. This property is similar to the previously known turn-
ing point on the low-pressure branch of the Paschen curve
for helium, observed in the “electron” regime below 1kV in
experiment’® (with the same behavior found for mercury) as
well as in numerical simulations.'? The latter turning point
exists due to transition of electrons into runaway regime”'-'
as the Townsend coefficient falls off sharply at high E/n and
the multiplication length increases to become comparable
with the size of the gap. The turning point observed above
100kV, where most of the ionization is due to energetic ions
and fast neutral atoms, can be understood in similar terms.
What’s different is that no source of “primary” ions (and
hence fast neutrals) exists at the anode, and the ion velocity
distribution with fully developed high-energy tail (energy is
five times higher than mean ion energy) is only present at
distances ~5/., and above towards the cathode.!” For exam-
ple, if A.,/d = 0.1, then only one half of the electrode gap is
effectively sustaining the discharge. Therefore, A../d = 0.1,
is a reasonable runaway criterion for energetic ions. For
helium gas, the above condition (on the Paschen curve) is
met at about 100kV. The deleterious effect of increasing Jcx
with discharge voltage on the total ionization in the gap is
counteracted by increasing the ionization cross-section of
ions and (especially) more numerous fast neutrals. However,
this is only true if the sufficient length (54.y) is still available

to form an energetic tail of the ion distribution. Therefore, at
sufficiently high voltage, the pd(V) value of the Paschen
curve has to increase with voltage. In addition, the reflection
yield for fast neutral atoms at the cathode falls off as an
inverse power of impact energy [see Eq. (23) and Fig. 6].
Quantitatively, the role of the reflection yield for fast neutral
atoms is analogous to that of the secondary ion-induced elec-
tron emission coefficient, 7, in Eq. (1), making the increase
of pd(V) even more pronounced. More details are provided
in the follow-up paper.*°

B. Effect of fast atom backscattering

To understand the effect of fast atom backscattering
from the electrodes, we obtained Paschen curves with and
without accounting for this process. The results are shown
in Fig. 10. The absence of backscattered flux causes the
Paschen to move to the right while keeping its shape with a
turning point. At 15kV, the breakdown value of pd is
0.59 Torr cm without artificially changing the atom reflec-
tion yield, while reducing the backscattering coefficient to
zero shifts this value to 0.74 Torrcm. These observations
emphasize that besides the backscattering of electrons at
the anode, the backscattering of fast atoms at the cathode
is essential for accurate determination of the Paschen
curve.

1000
B with fast atoms backscattering ——
% without fast atoms backscattering -
z .
5 100
>
\\p’=0.59Torr cm pd=0.74Torr cm
~/ ”
10

04 045 05 055 06 065 0.7 0.75 0.8 0.85
pd, Torr cm

FIG. 10. Paschen curves obtained with and without fast-atom backscattering
at the cathode. Disabling fast atom backscattering changes the position but
not the basic shape of the Paschen curve.
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FIG. 11. Paschen curves obtained without fast-atom-impact ionization, with-
out ion-impact ionization, and without electron-impact ionization. Electron-
impact ionization dominates at low voltage but has only a small effect at
high voltage, whereas fast-atom ionization must be included at high voltage
to obtain the proper shape of the Paschen curve.

C. Effects of fast-neutral-, ion-, and electron-impact
ionization

To investigate the relative effects of electron-, ion-, and
fast-atom- impact ionization on the shape of the Paschen
curve, we also carried out simulations in which one or more
of these three processes were disabled. Along with the results
of simulations in which all the elementary processes from
Table I are fully accounted for, Fig. 11 also includes the
Paschen curves obtained by neglecting:

) Fast-atom-impact ionization
(i1))  Ion-impact ionization
(iii)  Electron-impact ionization

The relative change in the breakdown value of pd
caused by neglecting the ion-impact ionization is about 20%,
which is consistent with the proportion of ion-impact ioniza-
tion rate in the volume. For the simulations without fast-
atom impact ionization, it is seen that above 40kV the pd
value will not decrease as the voltage increases. This phe-
nomenon is attributed to the increased share of fast-atom ion-
ization with the increase in the reduced electric field. Also,
when the applied voltage is greater than 30kV, the break-
down can still be achieved when electron-impact ionization
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is neglected. The resulting Paschen curve becomes closer to
that found with full simulation as the voltage continues to
increase. These additional observations are consistent with
previous characterization of the shape of the Paschen curve
in helium at high voltage. Namely, electron-impact ioniza-
tion becomes less significant as the voltage increases, and
the fast-atom-impact ionization rate becomes the most
important factor for setting the breakdown point at very high
voltage.

D. Importance of anisotropic scattering of fast atoms

In Fig. 12(a), we compare the results obtained in simula-
tions with anisotropic and with isotropic scattering of fast
neutral atoms (in the center-of-mass frame, including elastic,
excitation, and ionization collisions). Note that anisotropic
electron scattering is assumed in all cases as is already com-
mon practice (Sec. II C). For ions even with isotropic scatter-
ing in elastic collisions, the resonant charge-exchange
collision channel always prevails, leading to ion energy dis-
tribution similar to that obtained with anisotropic scattering.
Therefore, the anisotropic scattering described in Sec. IID
was still applied to the ion species. The results obviously
show that the isotropic-scattering simulation strongly differs
from one with anisotropic scattering as well as from experi-
mental data over the entire range of interest. The Paschen
curve generated by the isotropic-scattering simulation dis-
plays a much smaller slope and the pd value varies from
1.21 Torr cm to 0.21 Torr cm monotonously as the voltage
increases. It is found that the intersection point between the
Paschen curves obtained for the isotropic-scattering case and
the anisotropic-scattering case is located at about 150kV.

The interplay between the fast atom ionization coeffi-
cient and the amount of fast atom flux helps explain why the
two curves intersect. In the case of isotropic scattering of
fast atoms on background thermal atoms, it is known that a
fast atom loses on average about half of its energy in the lab
frame, causing efficient thermalization and accumulation of
“cold” neutral atoms. On the other hand, fast atom multipli-
cation arising from the large energy transfer cross-section in
the isotropic case helps sustain a high fast-atom flux. In addi-
tion, in the case of isotropic scattering, there is a large flux of
fast neutrals impinging upon the electrodes at oblique angles,

(b) __FEDF for isotropic scattering of fast atoms
100000 + FEDF for anisotropic scattering of fast atoms ]

10000
V=200kV, n=1.0622m™ t=100ns

1000
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"
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energy distribution, a.u.
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1 . . .
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FIG. 12. Effect of anisotropic scattering of fast atoms: (a) Paschen curves obtained in anisotropic-scattering and isotropic-scattering simulations vs. the experi-
mental data; (b) flux-energy distributions of fast neutral atoms impacting the cathode when anisotropic or isotropic scattering is assumed. The applied potential
is 200kV, the elapsed time is 100 ns, and the neutral gas density is 1.0 x 10?2 m~3,
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FIG. 13. IEDF (ion energy distribution function) and FEDF (fast-atom energy distribution function) at the cathode, and EEDF (electron energy distribution
function) at the anode for two different breakdown voltages: (a) 30kV, (b) 100kV.

giving rise to larger particle and energy reflection coeffi-
cients [in accordance with Egs. (24) and (26)]. The reflected
fast atoms will induce additional ionization and also second-
ary electron emission.

An example is given in Fig. 12(b), showing flux-energy
distributions of fast atoms at the cathode for both anisotropic
and isotropic scattering in the case when the applied voltage
is 200kV and the neutral gas density is 1.0 x 10*>m~>. It is
seen that the mean energies for anisotropic and isotropic
scattering models are 14.09keV and 1.80keV, respectively
(note that exact values are affected by the energy threshold
for the fast neutral species imposed in our simulations). In
the isotropic scattering case, the fast atoms are noticeably
colder, leading to the decrease of the gas-phase ionization
coefficient. However, the larger reflection coefficient and the
multiplication of fast atoms due to momentum transfer in
isotropic scattering will make up for the difference in the
ionization rate, compared to anisotropic scattering of fast
atoms, especially on the high voltage branch above 150kV.

E. Energy distributions of the particle species

Under the conditions near the breakdown point, when
the current density is small and the electric field remains uni-
form, it is simple to predict particle distributions at the elec-
trodes and compare them to those observed in simulations. It
should be noted that for strongly anisotropic distributions
when impacts occur at near-normal incidence, energy-
probability distribution of the incident flux is proportional to
the velocity distribution in the volume. In other words, what
is measured in experiments (or counted in simulations) is the
canonical velocity distribution expressed as a function of
energy, e.g., a Maxwellian would be seen as exp (—¢/T).
The established experimental term is “flux-energy distribu-
tion.” Throughout Sec. IV, “energy distribution” is a short
for “flux-energy distribution.” In Fig. 13, we show ion and
fast-atom energy distributions at the cathode and the electron
energy distribution at the anode under breakdown conditions
at 30kV and at 100kV.

For electrons, the primary ones leave the cathode and
are promptly accelerated to energies far exceeding the
energy corresponding to the peak values of inelastic cross-
sections. In fact, due to anisotropic scattering and negligible

energy loss in inelastic collisions, almost all the primary
electrons cross the inter-electrode gap in a “free flight”
mode, leading to the pronounced peaks in the EEDFs at 30
keV and 100keV. Likewise, the secondary electrons pro-
duced by electron-, ion-, and fast-atom-impact ionization
undergo “free-fall” acceleration in the applied electric field
from their initial position to acquire the energy & = xeVy,/d,
where x is the initial position of a secondary electron (recall-
ing that the anode position is at x = 0). These newly pro-
duced electrons form the “shoulder” portion of the EEDFs
detected at the anode. In order to verify this view, we use a
simple beam model with no anode backscattering to analyti-
cally connect the EEDF to the ionization source density in
the 100kV case, when the gas density at the breakdown
point is 1.6 x 10?2 m~3. In Fig. 14, we show the EEDF at
100kV (except for the primary peak) calculated from the
profile of the total ionization rate by converting x to &
through & = xeVy,/d. It is in excellent agreement with the
electron energy distribution observed at the anode.

Next, we proceed to characterize the distributions of
ions and fast atoms. When charge exchange dominates and
the free path is much smaller than the electrode gap, the ion
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<

g 3

.g 1000 ¢ V=100kV, n=1.6e22m",t=40ns E
2

=}

RZ! 100 1
o°

>

20

13 10 1
=)

(]

40000 60000 80000 100000

energy, eV

0 20000

FIG. 14. Comparing the anode EEDF directly observed in simulation to that
deduced from the ionization rate in a “single-beam” model. The EEDF at
the anode is mostly explained by electrons that are created either at the cath-
ode or in the gas volume, and then undergo a “free-fall” in the applied elec-
tric field towards the anode.
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velocity distribution in a steady state is governed by the
Boltzmann equation

Edf _ m_uz]
P nuacx[ > 1, (30)

where 7. (¢) = [A — Blneg)* x gy is the energy-dependent
charge transfer cross-section, ¢y = 1072°m?, the energy ¢ is in
eV, and for helium the constants are A = 5.282, B = 0.294.
The solution, up to a normalization constant determined by the
flux, is

A? 4 B%In’¢ — 2(AB + B?)(Ine — 1)
E/nay

fle) =exp |—¢ . (3D

As noted, the energy distribution detected at the elec-
trode is proportional to the velocity distribution in the dis-
charge volume at the corresponding energy value. In Fig. 15,
we observe a good agreement between the simulated and cal-
culated distributions, except in the low energy range, and far
in the tail where f(¢) falls off by a factor of 100. The mis-
match at low energies is likely due to the large number of
slow ions generated by the emitted primary electrons close
to the cathode, within a distance comparable to the free path
for the ions.

F. The pd scaling of the Paschen law at extremely
high E/n

In order to verify the validity of the pd scaling for the
Paschen curve in the 100kV range by means of a numerical
experiment, we varied the gap size in our simulations. Note
that it was not possible to vary the gap in the experimental
device, and that in any experiment, it would be necessary to
ensure that the field is not so strong as to cause field emission
of electrons at the cathode or other phenomena leading to
vacuum breakdown. The PIC/MCC simulation demonstrates
that the Paschen law still holds in the 100 kV range.

For the 100kV case as a specific example, the electrode
separations of 0.7cm, 1.4cm, and 2.8cm were chosen to
observe and validate the pd scaling. The simulations show
that the values of pd remain almost unchanged within uncer-
tainties when the electrode separations vary between the

1000

V=100kV, n=1.018e22m™> t=100ns

—
o
o

energy distribution, a.u.
=

IEDF of calculation - - - - -
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0 10000 20000 30000 40000 50000 60000
energy, eV

FIG. 15. Comparison of ion energy distributions for the 100 kV breakdown
case from the simulation and from the calculation.
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three values. In our model, the electrons energy distribution
has been demonstrated to be of a “runaway” type in the dis-
charge gap (see Sec. IV E). However, the effective ionization
cross-section e = oo/n still shows the same dependence
versus nx for different gap sizes with identical values of nd.
In Fig. 16, we plot calculated effective ionization cross
cross-sections of electrons, o s, and of ions, oj s, obtained
in simulations with three gap sizes of 0.7cm, 1.4cm, and
2.8 cm. The resulting effective ionization cross-sections for
different cases, plotted against nx, are in excellent agreement
with each other, for both electrons and ions. This means that
for different gap sizes, but with the same values of nd, the
steady-state balance shown in Fig. 3 occurs at the same volt-
age, and that the reduced pressure pd is still a valid scaling
parameter.

V. CONCLUSION

The breakdown properties of helium for the applied volt-
age in the range of 100-1000kV at pd < 1 Torrcm have been
investigated experimentally and by means of the PIC/MCC
simulation technique. In our model, energy-dependent aniso-
tropic scattering for electrons, ions, and fast atoms has been
implemented to adequately describe particle collisions in the
gas phase. The backscattering of fast heavy particles (neutral
atoms and ions) at both electrodes is also taken into account,
as well as electron backscattering at the anode. The Paschen
curve obtained in our simulations agrees quite well with the
experimental data obtained in the range of 15-130kV.

Sensitivity studies of the Paschen curve have been per-
formed with respect to the primary input parameters of the
physical model. We find large differences between the
Paschen curves obtained with anisotropic and with isotropic
scattering for ions and fast atoms, demonstrating that aniso-
tropic scattering for each of the three species on the back-
ground gas is essential for reproducing the physics of the
breakdown process. Test results further indicate that the fol-
lowing two processes are important for setting the break-
down condition in the 100 kV regime for helium, in addition

g
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.S _ _ jon,0.7cm ———
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FIG. 16. Simulation results showing effective ionization cross-section of
electrons gc.ff and of ions o for three gap sizes of 0.7cm, 1.4cm, and
2.8 cm, plotted versus the scaled distance nx. The product of pressure and
distance is a valid scaling variable for the Paschen curve at both low and
high voltages.
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to the electron- and ion-impact ionization, and ion- and fast-
atom-induced secondary electron yield:

@) Fast-atom backscattering at the cathode
(ii)  Fast-atom-impact ionization.

In summary, fast atoms increasingly affect the ioniza-
tion balance as the applied voltage increases, due to

(1) Increasing ionization cross-section vs. energy.

(ii)  The copious flux of energetic fast atoms generated in
charge-exchange collisions.

(iii)  Typically in the regime of interest, over a half of the
electron flux emitted from the cathode being induced
by fast neutral atoms.

(iv)  The flux of fast atoms backscattered from the cathode
helping sustain the ionization.
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